Introduction
lation, plaque or charged-particle radiotherapy, and thermotherapy. 4 This review article examines the evolution, current use, limitations, and future of these modalities, particularly transpupillary thermotherapy (TTT).
Natural History and Metastasis
Much effort has been directed at determining which choroidal lesions are dangerous and therefore need to be treated. Because the treatment is severe and life altering, it would be beneficial to know which lesions are nevi and which lesions are melanomas. The upper limit of normal for benign choroidal nevi is approximately 5 mm in diameter and 1 mm in thickness, and the mortality risk from such a lesion is essentially zero. 5 Choroidal melanomas are routinely classified as small (<10 mm in diameter and <3 mm in height), medium (10 to 15 mm in diameter and 3 to 5 mm in height), or large (>15 mm in diameter and >5 mm in height). 6, 7 Multiple studies, including the Collaborative Ocular Melanoma Study (COMS), have specified tumor size as the strongest indicator of metastasis and therefore survival. 8, 9 Ten-year survival rates for uveal melanomas have been published as 81.2% for small melanomas, 60.0% for medium melanomas, and 34.8% for large uveal melanomas. 10 The COMS additionally identified older patient age as a baseline covariate that affected the prognosis for survival. 8 Ocular melanomas metastasize hematogenously primarily to the liver but also to lung, bone, kidney, and brain. 9, 11 Zakka et al 11 reported only 75% of ocular melanomas had metastasized at the time of death compared with 96% of nonocular melanomas. Although ocular melanomas are not as aggressive as cutaneous melanomas, they carry a substantial risk of metastasis. In a long-term study of patients treated for uveal melanoma by enucleation in Finland between 1962 and 1981, 61% of patients eventually died as a result of the disease. 12 Mortality related to uveal melanoma was 31% by 5 years, 45% by 15 years, 49% by 25 years, and 52% by 35 years. Among patients who died of uveal melanoma, 62%, 90%, 98%, and 100% died within 5, 15, 25, and 35 years, respectively. Once metastasis occurs, survival is less than 7 months. 13 Therefore, it is important to identify cancerous lesions and begin treatment before metastasis occurs.
Accuracy in diagnosing choroidal melanomas has improved in recent years as a result of more experience, a better understanding of risk factors, and improved diagnostic equipment such as ultrasound. Thirty years ago, published studies from the Armed Forces Institute of Pathology indicated that approximately 20% of eyes enucleated for melanoma in fact had benign lesions.
14 Follow-up reports described a decline in misdiagnosis rate from 12.5% to 1.4% from 1970 to 1980, 15 which was attributed to improved accuracy in diagnoses made outside of major academic centers. Most recently, the COMS, involving more than 50 centers in the United States and Canada, reported a misdiagnosis rate of 0.48%, the lowest rate ever reported. 16 In a retrospective review of 1,329 small melanocytic choroidal tumors, Shields et al 17 found that documented growth of a lesion carried a 3.2 relative risk of metastasis. They also reported that 18% of identified lesions in the study demonstrated growth in a median time of 25 months, and 3% metastasized in a median time of 51 months. This conclusion is supported by Diener-West et al, 18 who performed a meta-analysis and found that detection of a small tumor has a more favorable prognosis than detection of a medium or large tumor, as evidenced by estimated 5-year mortality rates following enucleation of 16%, 32%, and 53% for small, medium, and large tumors, respectively. This indicates that observation of a choroidal lesion is risky, given the fact that growth may decrease survival. However, estimates indicate that it takes 7 years for a small melanoma to grow into a large melanoma and an additional 4 years before metastasis occurs. 6, 10 At this rate of growth, there is ample time to initiate treatment. An alternate model published by Eskelin et al 19 estimated that micrometastases could develop as early as 5 years prior to the treatment of the primary tumor, which presumably occurs when suspicious characteristics first appear. At this estimated time of micrometastasis, the primary tumor size would be theoretically only 7 mm 3 , or approximately 3 mm in diameter and 1.5 mm in height at the time of metastasis. 20 Therefore, much effort has been devoted to better predict which lesions are likely to grow so that treatment may be initiated prior to metastasis.
Shields et al 17 found increased tumor thickness (>1 mm), location touching the optic disc, visual symptoms, presence of orange pigment, and subretinal fluid as factors predictive of future growth (Fig 1) . The risk of tumor growth is 4% if none of these factors are present and more than 50% if three factors are present. 21 McLean 22 argued that observing tumors less than 1 mm in height in order to document growth increased the metastasis rate by only 1% (11% for tumors less than 1 mm in thickness vs 12% for tumors thicker than 1 mm). He concluded that there is little benefit to early treatment prior to clinically documenting growth. In 1979, Zimmerman and colleagues 6, 23 proposed that enucleation of a globe with choroidal melanoma may actually decrease survival, noting the rise in the mortality rate in the years following enucleation from a baseline of 1% per year to a peak of 8% per year during the second year following enucleation. The rate subsequently returned to its baseline level of 1% per year over the next 3 to 5 years. The authors suggested two possible explanations: overwhelming tumor dissemination during surgery and a lowering of the host's immunologic defense. Their report served as the impetus for development of the no-touch surgical technique, [24] [25] [26] but conclusive evidence linking tumor dissemination and subsequent development of metastasis to a transient rise in intraocular pressure was not forthcoming. Furthermore, data from the COMS published in 1998 demonstrated that no survival advantage was gained by pre-enucleation radiation in more than 1,000 patients with large choroidal melanomas. This result suggests that metastasis occurs prior to enucleation. 8 Other investigators proposed that uveal melanomas metastasize during a time of growth that coincides with the time they become clinically visible. This would be in keeping with the work of Eskelin et al 19, 20 and supports the second hypothesis of Zimmerman and McLean, 23 ie, that removal of the eye alters the immune system and thus allows existing micrometastases to grow unchallenged.
Treatment of Choroidal Melanomas
There are multiple therapeutic options for treating choroidal melanomas. Enucleation was the only treatment option available for uveal melanoma for most of the last century. 27 However, in recent decades, with the emergence of more conservative treatment options that attempt to spare the affected eye and retain vision, the enucleation rate has substantially declined, but enucleation remains a common treatment for large tumors or in cases where there is no hope of regaining vision.
Radiotherapy
Radiation is one such alternative treatment method now in widespread use for the treatment of choroidal melanomas. Various materials for delivering radiation have been investigated, beginning with radon in the 1930s by Moore. 28 Iodine-125 is currently the most commonly used isotope for plaque radiotherapy of choroidal melanomas, 29, 30 although cobalt-60, ruthenium-106, iridium-192, strontium-90, and palladium-103 have also been used. Modern techniques for plaque brachytherapy involve suturing a shielded plaque containing seeds of the radioactive isotope to the sclera. This remains in place for a specified number of days in order to deliver the proper dose of radiation (Fig 2) . Most melanomas are treated with a calculated apex dose of 70 to 85 Gy. 31 The COMS included more than 1,300 patients with medium-sized choroidal melanomas and randomized them to treatment with either enucleation or iodine-125 plaque radiotherapy. When the results were first published, 81% of patients had 5 years of follow-up, and 32% had 10 or more years. Five-year unadjusted survival rates for the two therapies were comparable, at slightly better than 80% for both. 32 The COMS and other recent trials have shown that iodine-125 brachytherapy provides survival rates equal to enucleation for both medium 27 and large 33, 34 choroidal melanomas, providing reliable data when alternative treatment methods are discussed with patients.
Local control with plaque radiotherapy has been excellent, providing overall survival comparable to enucleation as shown by the COMS. 8 Wilson and Hungerford 35 noted the 5-year local recurrence rate was 4.2% with iodine-125. Tumors with larger basal diameters are more likely to recur. 35, 36 Karlsson et al 36 found that patients with local tumor recurrence, which are likely to occur at the tumor margin, were at greater risk of lifethreatening distant metastasis, having a 5-year survival rate of 58% compared with 82% for those without local recurrence. However, while local control of choroidal melanomas obtained with radioactive plaques has been reported at more than 90%, many treated eyes develop complications secondary to radiation delivered to adjacent structures. 37 Radiation retinopathy has been identified in up to 43% of patients treated with plaque radiotherapy. 38 Other reported complications include optic atrophy, cystoid macular edema, cataracts, vitreous hemorrhage, secondary glaucoma, central retinal vein occlusion, and scleral necrosis. 37, 39 Secondary strabismus has also 
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occurred in 5% of patients as a result of moving extraocular muscles in order to properly place the plaque. 39 An alternative method of delivering radiation to an ocular tumor uses charged particles, either protons or helium ions. Tantalum clips are fixed to the episcleral surface around the base of the tumor, and charged particles are then directed toward the tumor from an anterior approach. Advantages of charged particle therapy include a uniform dose distribution throughout the treatment zone and a predictable area of treatment, since protons travel in a straight line and stop after a certain distance based on the initial energy imparted. 40 The highly collimated beam of radiation includes a 1-mm tumor margin, a 0.5-mm margin for patient movement, and a 1-mm margin for the penumbral effect. 41 Seventy percent of the maximum radiation dose is delivered by the entrance beam as it travels through the eye before reaching the tumor. Therefore, anterior complications including epiphora, lash loss, and neovascular glaucoma occur more frequently with charged particles than with radiation delivered posteriorly. 39 Gragoudas et al 42 reported that radiation maculopathy occurred in approximately 75% of tumors within 1 disc diameter of the fovea and in 40% of tumors greater than 1 disc diameter from the fovea treated with protonbeam radiotherapy.
Wilson and Hungerford 35 found local recurrence of 5.2% with proton-beam radiotherapy. Metastatic death rates of 12.8% at 5 years and 20.7% at 10 years have been reported following proton-beam irradiation. 43 
Transscleral Resection
Local transscleral resection has largely been abandoned in favor of more successful treatment methods. In 1986, Foulds and Damato 44 recommended local resection for tumors 10 to 15 mm in diameter after finding that most of the failures in their series involved tumors larger than 15 mm in diameter. They reported a 19% incidence of retinal detachment as a result of the surgery, with only 41% of these responding well to repair. However, 81.1% of the eyes in the COMS showed local invasion of the sclera, 
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which the authors stated argued against the advisability of scleral resection as a treatment for choroidal melanoma due to the fact that potentially viable melanoma cells are likely to remain following surgery. 45 Proponents of transscleral resection now recommend adjuvant brachytherapy to irradiate any remaining tumor cells. 46 
Elevation of Tissue Temperature
Many methods have been used to elevate tissue temperature in order to potentiate the effect of ionizing radiation. The addition of heat could allow for reduction in the dose of radiation required to treat a uveal melanoma by 50% or more, thereby reducing the incidence of radiation complications. 41 Several methods have been used to heat choroidal tumors. Finger et al 47 used a microwave heat delivery system in a clinical trial of 18 patients in 1989. Lasers have also been used to photocoagulate tumor cells at temperatures of more than 60°C.
Transpupillary Thermotherapy
Investigators from the Netherlands investigated the use of lasers at subphotocoagulation levels (45°C to 60°C) to obtain tumor cell necrosis by hyperthermia. 48 Their experiments conducted on Greene melanomas in Syrian golden hamsters first revealed that using a xenon photocoagulator to produce near-infrared radiation in the 780-to 880-nm range could produce tumor cell necrosis by cell membrane damage, protein denaturation, chromosomal damage, and breakdown of mitochondria 49, 50 up to a depth of 6 mm. 51 They named this technique transpupillary thermotherapy (TTT). These investigators then used xenon arc photocoagulation or diode laser prior to enucleation on 7 human patients with choroidal melanomas. The four tumors treated with the red-filtered light of the xenon arc photocoagulator showed no distinct melanocyte necrosis in contrast to the results previously found in animal models. However, the tumors treated with the diode laser at 810 nm showed tumor cell necrosis of varying depths up to 3.9 mm. Oosterhuis et al 50 published
the first study on the use of TTT as primary treatment for uveal melanoma in 1995. Tumor necrosis developed within days, and reduction in tumor height was clinically visible within months in 11 of 12 eyes compared with up to 1 year for brachytherapy. The authors concluded that TTT is useful as a complementary modality to brachytherapy.
Treatment Procedure
TTT uses a diode laser to deliver a beam of infrared radiation through a dilated pupil into an intraocular tumor in order to induce tumor cell necrosis. 52 The entire surface of the tumor is covered with overlapping treatment areas extending 1.5 mm over the edge of the tumor into normal tissue. 29 Pigment in the tumor is responsible for absorbing energy and creating the heat that destroys the tumor cells, overlying pigment epithelium, and retina. The heat from TTT leaves a light gray uptake over the tumor at the end of each 60-second treatment 51 that is sharply demarcated from normal choroid around the tumor even though both areas are included in the treatment zone 53, 54 (Fig 3) . It is important to note that the appearance of a white coagulation lesion early during the application of TTT increases the amount of laser light reflected and thus decreases the amount transmitted into the tumor.
50,55

Advantages and Disadvantages
Advantages of TTT include immediate necrosis with quickly evident clinical regression, precision of treatment, and ease of treatment on an outpatient basis with local anesthesia. 52 TTT causes less choroidal damage than plaque radiotherapy. 55 However,TTT still leads to immediate profound visual field defects corresponding to the treated areas secondary to photoreceptor and nerve fiber layer destruction. 54 Since TTT destroys nerve fibers within this area, the defects will extend from this area to the area innervated by the fibers passing through the treated area. Moreover, the defect may be markedly larger than the treated area if the tumor is located very close to the optic disc. Subretinal fluid may be produced or increased following treatment but resolves within a few weeks. 50 Shields et al 56 found that vascular obstruction occurred in 23% and retinal traction in 20% following an average of three treatment sessions. TTT cannot be performed if the 
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pupil cannot be dilated to allow passage of the beam, if the tumor is peripheral enough that the edges are not visible, if opacities prevent a clear view, or if there is more than 3 mm of subretinal fluid. 29 Initial results with TTT seemed promising. Shields et al 57 found that at an average follow-up of 1.7 months, tumor thickness was reduced 27% in heavily pigmented melanomas and 15% in amelanotic lesions. Stoffelns 55 reported that 75% of melanomas regressed to a flat chorioretinal scar after treatment with TTT (range 2 to 7 months, mean 2.9 months). However, in the same series, only 10% had complete destruction of the choriocapillaris, and 10 of 15 eyes with flat scars still had patent choroidal vessels.
Long-term results of TTT have been disappointing, however, with poorer local control rates and visual outcomes that are similar to other conservative treatment methods (Fig 4) . Failure to achieve local control of choroidal melanomas is associated with a 4-fold increased rate of melanoma-associated death. 58 Several reasons may explain why melanoma cells may escape destruction during TTT. Viable melanoma cells have been found beneath treated areas of attenuated retina and choroid. 59 Analysis of choroidal vasculature following TTT revealed 100% occlusion of the choriocapillaris but only 24% occlusion of medium and large choroidal vessels. Similar analysis of choroidal circulation following iodine-125 plaque brachytherapy revealed complete occlusion of all vessels, including large choroidal vessels. 60 The ability of these patent vessels to act as a heatsink during TTT may explain the survival of tumor cells near the vessels. 51 Harbour et al 61 recurrence: tumor that abuts or overhangs the optic disc and an increase in the required number of thermotherapy treatment sessions to more than three. Melanoma cells near vessels can survive TTT,and those that have invaded the sclera may not be destroyed by TTT. 54, 63 Zaldivar et al 62 reported melanoma cells found in emissary canals in all of the eyes they examined after failed TTT. It is not uncommon for melanoma cells to invade the sclera, as reported by Robertson et al 64 (27%) and Donders 65 (80%). COMS data showed that 55.7% of eyes had intrascleral invasion. However, the study likely underestimates the percentage of tumors that spread into the sclera since extrascleral extension was an exclusion criterion for the study. 45 Extrascleral extension can be difficult to detect prior to treatment, as Zaldivar et al 62 reported that in 5 eyes that histologically demonstrated extranodal extension, only 1 was detected by ultrasonography prior to enucleation. In other cases, the tumor cells appear to be resistant to treatment, especially if amelanotic. 55 Fifty percent of the tumors in the COMS had no or minimal pigmentation. 45 Oosterhuis et al 66 reported 15% more energy was required to treat amelanotic lesions than pigmented melanomas. However, the tumor reduction was 33% greater at 3 months. The effect of TTT on amelanotic melanomas can be improved by the injection of indocyanine green 30 minutes prior to treatment, as the dye will increase the absorption of infrared light in the tumor. 29 Although TTT has largely failed as primary treatment for every choroidal melanoma, there may be selected instances where it can be of benefit. TTT has been used successfully in select cases where plaque brachytherapy has failed. 67 TTT has also been combined with plaque radiotherapy in a technique called sandwich therapy, as TTT is maximally effective at the apex of the tumor and brachytherapy is maximally effective at the base. 63 Moreover, TTT may show benefit in the treatment of hemangiomas and small retinoblastomas in addition to uveal melanomas.
The Future of Choroidal Melanoma Treatment
The management of choroidal melanoma continues to evolve toward treatment of smaller tumors, achieving improved survival and less vision loss. TTT is currently under investigation for use in the treatment of occult and classic neovascularization in age-related macular degeneration. 29 Transscleral thermotherapy, which heats the sclera sufficiently to destroy intrascleral tumor cells without damaging scleral collagen, is also under investigation as a technique to replace plaque radiotherapy. 29 The results of these investigations may change the future role of TTT. For now, however, other techniques such as brachytherapy are more efficacious and enucleation provides the same survival prognosis as these conservative methods.
